pounding as shown recently in case of PP [2, 3] . It is noteworthy that BA is water dispersible and its particles became individually dispersed in the related aqueous media. Siengchin et al. made use of this property of BA and performed water-mediated melt compounding of BA with polyoxymethylene [4] , polyamide-6 [5] and PP-based thermoplastic elastomer [6] . The BA, dispersed in water, was introduced in the molten polymer and subsequently evaporated. The latter was facilitated by the screw design of the extruder and by the additional use of a vacuum pump. The dispersion degree of BA was somewhat better for water-mediated than for traditional melt compounding in case of the thermoplastic elastomer [6] . This is a further proof that BA can well be incorporated without any treatment and additional polymeric additive in polyolefins. BA with the chemical composition of AlO(OH) can be produced in particulates with different aspect ratios. The aspect ratio is increasing according to the ranking: platelet-< rod-< needle-like. The reinforcing and property modification potential of micro-and nanometer-scaled BA, with and without additional surface treatment, has been already checked in various thermoplastics (e.g. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] ). Polyethylenes (PEs) were often modified in the past with nanofillers, like layered silicates in order to improve their mechanical, and especially barrier properties. BA was already incorporated in PE, however, mostly via in situ polymerization (i.e. BA served as catalyst support) [14] [15] [16] . By this method BA could well be dispersed in PE at very high concentration (up to 40 wt%) .This concentrate was used as PE/BA masterbatch in follow up melt compounding operations [15] . However, compared to studies devoted to PP/BA nanocomposites, less work addressed the effects of BA in polyethylenebased systems. Accordingly, the present work was aimed at studying the effects of BA in PEs. In order to get a deeper understanding on the structure-property relationships in the related nanocomposites two BA grades and two PE types, viz. low-(LDPE) and high-density PE (HDPE), were involved in this study. The low aspect ratio (platelet-shaped) BA was not surface-modified and its content in the PEs was varied between 0 and 8 wt%. 3 ) from Safripol (Bryanston, South Africa) were used throughout this study.
Experimental

Preparation of nanocomposites
Samples of HDPE and LDPE with BA were prepared via melt mixing using a Haake Rheomix OS internal mixer equipped with Polylab OS RheoDrive4 (Thermo Fischer Scientific, Karlsruhe, Germany). Mixing occurred for 8 min at 175°C at 60 rpm for both PEs. Sheets of ca. 2 mm thickness have been produced by compression molding using a Carver press (Wabash, Indiana, USA). The temperature agreed with that of the mixing (=175°C) and the pressure was set for 2 MPa. After ca. 5 min holding time the press was cooled by water and the sheets were demolded.
Testing 2.3.1. BA dispersion
The dispersion state of the BA particles in the PEs was studied by scanning electron microscopy (SEM) using a FEI Quanta 250 FEG device (FEI, Hillsboro, Oregon, USA). Specimens were cryomicrotomed with a Diatome diamond knife at T = -120°C using a Leica EM UC6 ultramicrotome equipped with a cryo-chamber. The cryocut surfaces of the specimens were inspected in SEM (acceleration voltage 5 kV) without sputtering, using a high resolution vCD detector for backscattered electrons. The morphology of the samples was also studied in a transmission electron microscope (TEM). The TEM device (Zeiss LEO 912 Omega, Oberkochen, Germany) was working at an acceleration voltage of 120 kV. Thin specimens (ca. 50 nm), prepared by cryocutting with the above ultramicrotome at T = -120°C, were subjected to TEM investigations without any staining.
Thermal properties (melting and crystallization)
Differential scanning calorimetric (DSC) tests were run on a PerkinElmer DSC Q2000 (Exton, PA, USA) in the temperature range of 50-200°C. The heating and cooling rates were 20°C/min. The melting peak temperature (T m ), melting enthalpy (ΔH m ), crystallization peak temperature (T c ) and crystallization enthalpy (ΔH c ) were determined. For the 100% crystalline PE a melting enthalpy of ΔH m = 293 J/g [17] was accepted.
Thermooxidative behavior
Thermogravimetric analysis (TGA) was conducted in a Q500 device of TA Instruments (New Castle, DE, USA) at a heating rate of 20°C/min. Tests were run in oxygen atmosphere in the temperature range from room temperature (RT) to 700°C. The oxygen induction temperature and time (OIT) were determined in a DSC-4 (PerkinElmer DSC 4). Two kinds of tests were made: -Dynamic OIT (temperature ramp) method: the sample is heated in oxygen at a linear heating rate (10°C/min). The characteristic temperature of the beginning of the oxidation process is determined by the exothermic degradationinduced deviation from the baseline. Note that the scientific literature often prefers the term oxidation onset temperature (OOT) instead of dynamic OIT [18] . -Static OIT (isothermal) method: the sample is heated (from 60°C with 80°C/min) in an inert gas (nitrogen) atmosphere over the melting point to a selected test temperature (T = 220°C). This temperature was then kept constant. After reaching the selected temperature (2 min) it has been kept constant for 0.5 min prior to switching the nitrogen gas for oxygen. The oxidative reaction of exothermic feature normally occurs after a certain time period. The OIT value was determined as the time where a deviation from the base line takes place due to the strong exothermic degradation. Because the time was counted from the beginning of the DSC measurement, the OIT value was given by the actual elapsed time -2.5 min. Recall that 2.5 min was required to reach the isothermal condition of the static OIT measurements.
Rheology
The melt rheology of the nanocomposites was analyzed by an MCR 501 dynamic oscillatory rheometer (Anton Paar Physics, Ostfildern, Germany) working under controlled strain conditions. The test geometry was parallel plate, the diameter of the plates was 25 mm. Compression molded disks of ca. 2 mm thickness were placed between the plates hold at T = 175°C. The thickness of the gap was set for 1.5 mm by squeezing the initial PE disk. Frequency sweep tests were carried out at T =175°C. During the measurement a small amplitude (1%) oscillatory shear was applied to the samples. The storage and loss shear moduli (G′and G″, respectively) and the dynamic viscosity |η * | were measured as a function of angular frequency (ω) in the range 0.01-100 rad/s. Figure 1 shows SEM pictures taken from the cryocut surfaces of LDPE and HDPE composites with 4 wt% BA40. One can recognize that BA is finely and rather uniformly dispersed in the related matrices. BA remains in fine dispersion also when introduced in higher amount as demonstrated in Figure 2 . The high magnification SEM picture in Figure 2b already indicates that the BA particles are agglomerated. Nevertheless, their mean particle size is on submicrometer scale and thus the related compounds can be termed as nanocomposites. TEM pictures substantiate that the designation nanocomposite is correctly used (cf. Figure 3) . The difference in the primary crystallite sizes of the BA grades used is well perceptible by comparing the TEM pictures in Figure 4 . The above morphological results confirm that BA can finely be dispersed in PEs even without using coupling agent and polymeric compatibilizer.
Results and discussion 3.1. BA dispersion
Thermal properties (melting and crystallization)
DSC scans monitored during the 1 st and 2 nd heating, and cooling are shown for the LDPE/BA40 nanocomposites in Figure 5a and 5b, respectively. It is clearly seen that BA did not affect the melting behavior of the LDPE in the corresponding nanocomposites. A similar conclusion can be drawn by considering the DSC melting traces of the HDPE/ BA nanocomposites -cf. Table 2 .
However, the crystallization traces in Figure 5b indicate that BA worked as a weak nucleation agent for the crystallization of LDPE. This is obvious due to the shift of the crystallization peak towards higher temperature. In order to quantify the effects of BA on the melting and crystallization of HDPE and LDPE the DSC traces were analyzed. The melting was characterized by two temperatures, namely peak maximum (T m,max ) and final melting (T m,final ), and the crystallinity value (X m ). The latter was determined by considering the actual melting enthalpy in respect to the 100% crystalline PE (293 J/g as disclosed above [17] ). Note that for the crystallinity calculation the BA content of the samples has been considered. The crystallization behavior was characterized again by two temperatures, namely peak maximum (T c,max ) and initiation of the crystalliza- stabilizer. Its effect was quantified based on the TGA traces by those temperatures which were associated with a weight loss of 2 and 10%, respectively (cf. Table 3 ). The TGA data in Table 3 play that BA incorporation increased those temperatures where 2 and 10 wt% weight losses, respectively, occurred. Improved thermooxidative stability owing to the presence of BA has been reported for polyoxymethylene [4] . Interestingly, BA incorporation also improved the stability to photochemical degradation in polyolefins [10, 19] . To clarify the mechanism of BA for improving the thermooxidative stability of PEs (and other polymers) is a very challenging and acute task.
OIT measurements
In order to gain a deeper insight in the thermooxidative action of BA, dynamic and static OIT measurements were performed. The determination of oxidation induction time (OIT time ) and oxidation induction temperature (OIT temp ) are widely used methods in the thermal analysis of polymers. Dynamic OIT measurements were aimed at finding a suitable temperature at which the static (i.e. isothermal) OIT tests can be carried out. Figure 8 shows the primary results of the dynamic OIT measurements on the example of LDPE, HDPE, and HDPE8%BA40. The DSC traces in Figure 8 indicate that the exothermal degradations of HDPE and LDPE start at about 240 and 215°C, respectively. As a consequence we have selected T = 220°C to perform the isothermal OIT measurements. It should be noted that T = 220°C may be a bit high for LDPE and related nanocomposites and thus differences between their OIT values may not be so pronounced. Figure 9 displays characteristics static OIT curves registered for HDPE and HDPE/BA nanocomposites. Figure 9 and the corresponding data in Table 3 already show that the static OIT did not change linearly with the BA content. In addition, according to the TGA results the actual BA content in the sample did not always agree with the nominal BA content. The latter is most probably linked with the sample weight. Nevertheless, BA incorporating enhanced the static OIT. The relative improvement in OIT was more pronounced for HDPE than for LDPE. The improvement in the thermooxidative stability can be explained either by a change in the chemical pathway of the thermal decomposition, or by sorption (physical) effects caused by the nanofiller (e.g. [20] ). It is intuitive, that the thermal stability of PE absorbed on the BA surface is higher than that of the bulk due to reduced molecular mobility. This should be valid also for systems with rather weak filler/matrix interaction as in our case. It should also be born in mind, that the volatilization of decomposed gaseous products may also be hampered by the nanofillers of large specific surface area. The feeling of the authors is that the improved thermooxidative stability of PE/BA nanocomposites is due to the abovementioned absorption phenomena. To clarify this effect analytical studies are now in progress. Preliminary results already confirm that the enhanced stability to thermooxidative degradation is related with molecular absorption, in fact. 
Rheological behavior
The rheological tests resulted in unexpected results. Incorporation of nanofillers in thermoplastics (including polyolefins) is generally associated with a marked increase in the melt viscosity, at least in the range of low frequencies (e.g. [21] [22] [23] ). Parallel to that a steep enhancement in the shear storage modulus (G′) can be noticed. These changes are usually assigned to a pseudo solid-like transition caused by the dispersed nanoparticles. The interactions between the nanoparticles and polymer chains hamper the mobility of the latter, increase the friction between them, and thus increase both the viscosity and elasticity of the melt. Moreover, the difference in the melt viscosity and the G′ value at low shear rates are often considered as indicators for the fine dispersion and strong particulate filler/matrix interactions (e.g. [23, 24] ). However, this is clearly not the case when having a look at the graphs depicted in Figures 10 and 11 . The rheological behavior of the systems, as shown in Figures 10 and 11, suggests that there is no strong interaction between the BA and PE in our nanocomposites. This is very beneficial for the processing of such nanocomposites as their melt viscosity practically does not change with either type or amount of BA. To figure out the possible mechanisms behind this finding require, on the other hand, further investigations. 
Conclusions
This work was devoted to determine the effects of synthetic boehmite alumina (BA) on the morphology, thermal, thermooxidative and rheological behavior of polyethylenes (PEs). BA was incorporated, up to 8 wt%, in both low-(LDPE) and highdensity PE (HDPE) through melt compounding. It was established that BA was finely, and rather uniformly dispersed, though agglomerated, in the corresponding PEs. BA acted as a weak nucleating agent because it reduced slightly the undercooling (difference between the melting and crystallization temperatures) of both LDPE and HDPE. The nucleation capability of BA depended on the type, and in lesser extent also on the amount of the BA incorporated. Filling with BA strongly improved the stability to thermooxidative degradation of the corresponding PE matrix. The stabilizing effect of BA was more pronounced for HDPE than for LDPE. This finding is likely linked with the absorption of PE chains on the BA surface rather than with a synergistic effect of BA with the thermostabilizer initially present in the corresponding PE. Surprisingly, the melt rheology of the PE/BA nanocomposites was well matched with that of the parent PEs. This behavior is seldom for thermoplastic nanocomposites and has great practical relevance (i.e. similar processability as the plain PEs). Further investigations are needed, however, to reason this unexpected rheological performance.
